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SUMf-iARY 

.An invcvstirntion y;qs rmde to detcrnino a method of meaaiu-ino, 
fuel-air ratio t'lat could be u^^ed for te.st purposes in fli.^ht and for 
checking conventional equipment iii tlie laboratory. 

TV/o single-cylinder test engines equipped with /vright 1820 cyl- 
inders were used. The fuel-air "ratio of the mixture delivered to 
the engines v;as determined by direct measurement of the quantity of 
air and of fuel suppliP;d and also by analysis of the oxidized exhaust 
gas and of the normal exhaust gas. Five fuels were used: gasoline 
that complied mth Army-I^iavy Fuel Specification No. A:^i~W-F-7fil and 
four raixturos of this gnsoline with toluene, benzene, and xylene. 

The method o.t determining the fuel-air ratio described in this 
report involves the measurement of the carbon-dioxide content of the 
oxidized exhaust gas and the use of graphs or the presented equation. 
This method is considered useful in aircraft, in the field, or in the 
laboratory for a range of fuel-air ratios from O.Oli? to 0.12}i. 



rwTRODUOTIOM 

Measurement of the fuel-nir ratio of the combustible mixture 
suprlied to internal-combustion engines has received consider^^ble 
attention during the past few y-ars. This interest has been accen- 
tuated by :invt-\stigations that have shown the limitation of the allow- 
able rang:;: of fujl-nir ratios in full-sca].e engines v/hen compared vri.th 
the r^nge in a single-cylinder engine. The fuel-air ratio at which 
an intornal-combu stion engine operr^t as is of paramount importance not 
only because it is a factor in the correlation of al] engine-performanc 
data but also because it affects the tcm:per^?ture of the engine cylin- 
ders, the specific fu.-l consumotion, the ran^-^o, and the useful carrying 
cajjacity of aircr-^ft. 

Knowled^Te of the fuel -air r^tio at which internal-combustion 
engines are operated and the control of this ratio in flight is ess^-n- 
tial for the follo^ring r.-sons: (1) to avnid possibility of engine 
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failure due to high temperature or to knock caused bj ujifavorahle 
nijctvir-es^ (2) to assure optiinrm power when required, (3) to achieve 
maximum economy, and (4) to make possible the correlation of engine- 
performance data. 

An analysis of the exhaust gas from each cylinder can he used 
to determine the mixture strength of the charge to the cylinders of 
a multicylinder ergine in flight, in the field, or in the laboratory. 
This met,hod would also be useful in checking the accuracy of conven- 
tional methods in the laboratory. 

The determination of the fuel-air ratio in the laboratory is 
usually made by employing gasometers, Venturi meters, orifice plates, 
fuel-weighing devices, and flow meters in various combinations to 
measure separatol^^ the air and the fuel supplied to the engine intake. 
In flight, the accurate determination of fuel and air quantities with 
such devices is difficult and, in some cases, impossible. Automatic 
instruments tliat are actuated by the thermal conductivity of t: a prod- 
ucts of combustion in the exhaust gases have been used in flight for 
indicating the fuel-air ratio. The extension of the operating range 
of the engine to lean-mixture operation (mj.xtures leaner than the theo- 
retical), however, causes reversal of tho usual ty^pe of indicator 
making it show a rich mix^:ure when tho engine is operating on a lean 
mixture. For these reasons and because of the fact that a simple fun- 
damental standard is required to measuJE^e the fuel-air ratio of tho 
mixture supplied to the engine as well as that supplied to the separate 
cylinders in flight, this investigation was undertaken. 

This report presents an accurate method of determining the fuel- 
air ratio of tho mixt^jire supplied to tho cylinders of an internal- 
combust icn engine and also presents data correlating tho results 
obtained by this method with those obtained by the usual method for 
fuels having hydrogen- carbon ratios between 0.115 and 0.188 and for 
mixture strengths covering tho entire range of possible engine operation. 



ETGHJE CCroiTIONS 

Two single- cylinder test "onits, designated engine 3 and engine 5, 
were equipped mth Wright 1820 G200 and Wright ie20-G engine^ cylinders, 
respectively. Figure 1 shows the setup of engine 3 and of the aux- 
iliary equipment. The setup of engine 5 was similar. Both \mits 
had dual- ignition and modified carburetor fuel systems and were air 
cooled. Characteristics of the engines and the test conditions are 
given in the following table: 
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Txhe onginu speed was manually controlled within ±10 rprn of the 
standard speed stroboscopic obs irvation of marks on t]ie fl}rvvheels. 
Rotameters were used to make prelinin.iry adjustments of the fuel going 
to the engines. The weight of fuel used was deterrrdned by .veighing 
tanks electrically synchroniz'.jd with the engine revolution counters 
and stop v/ax^ch'-^s . "Itie air ejiterin^:; the engine cylinders passed 
through sharp-edge orjJicrjs where th- pressure drop was measured. It 
then passed through surge tanks and to modified carburetors in which 
only the fuel jets and the Venturi passages were us^jd. The quantity 
of fuel flowing to the jets was controlled by an adjustable noc^dle 
valve , 



The fuels used in t?iis investj. ■ration v^rere^ obtained by adding aro- 
matic fuels to 100-octane gasvolino that complied with /vrmy-Na^r/ Fuel 
Specification No. AN-VV-F-7 31. 
sho^.'iTL in tae following table: 
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The hydrogen-carbon ratios of the fuels v/ere determined in th 
laboratory by the usual combustion mothod* The aircr-af t-ongine 
lubricating oil was Navy Synbol Mo. 1120 with a hydrogen-carbon ra 
of C.1^6 and a specific gravity of 0.881 at 2^^ C (77'^ F). 



TETHOD 

Exhaust gas vras obtainod by insorting a l/U-inch tube of stain- 
less steel into th:; center of the exhaust stack approximately ±2 in- 
ches from the exhaust port. The length of the gas-sampling ^^^e 
varied from h to 20 feet depending: on the setup. Experiments vrith 
many engines during the past several years have shown that this method 
is satisfactory provided that a positive pressure exists at the gas 
entrance of the tube and that no air lealcs nre present. The gas- 
entrance end of the tube vras pointed upstream to increase the positive 
pressure of the gas by the dynamic pressure. The gas v/as passed 
through the tubing to" an oxidizer, through a desiccator, and then to 
a gas-analysis apparatus in which the carbon dioxide (CO2) content of 
the oxidized exhaust gas was determined. The oxidizer was made of 
1-inch tubing of stainless steel and filled with cupric-oxide wire^ 
0.020 inch in diameter. In flight the oxidizer would be located in 
the exhaust stack or the collector ring of the engine at a position 
where the temperature is not less than 1000*^ F and not more than 
1600^ F but, for the p-areose of simplicity of installation in te.ese 
tests, th:: oxidizer was located in an electric furnace maintained at 
a temperature of approximately 1200^ F. A connection was provided 
in the tubing between the oxidizer and the exhaust stack in order that 
samnles of the normal exhaust gas co^ild be taken for each engine- 
operating condition. These samples were taken by mercury displace- 
ment in glass sampling tubes and completely analyzed in a modified 
gas-analysis apparatus developed :it the National Bureau of Standards. 
(See reference 1.) 

The desiccator, containing calcium chloride, was not required 
for the work described in this report but concurrent tests of an indi- 
cating device, which is to replac; tlie gas-analysis apparatus and 
which requires :iry gas for its op.jration, made the inclusion of the 
desiccator necessary. 

Engine data for the computation of the fuel-air ratio of the 
mixture in the engine cylinder, samples of the normal exhaust gas, 
and the CO2 content of the oxidiz )d exhaust gas were obtained for each 
engine-operating conditioii covering a range of mixture strengths from 
full lean to f^all rich, 0.0U7 to 0.12U, fuel-air ratio. 

Two fundamental m.ethods for the deterroination of the fuel-air 
ratio were thus made available. First, the usual laboratory method 
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in v;hich tho r:.n:e of fuel supply is divided by the rate of air supply 
and, s»^cond, the method in which the normal exhaust gas is chcemically 
analyzed. In the second method Lhe fuel-air ratio is calculatc^d by 
stoichiometric -.iquitions and orygen and nitrogen balances. 

Because these basic methods provide a standard for comparison, 
it vail be! shovm that the relationship between the fael-air ratio and 
the GOo content of th(^ oxidized exhaust gas can be expressed by an 
equation and shown graphically for convenience in app].ication. A 
similar use can be made of the r-iercentages of CO2 and oxygen (O2) found 
in the normal exhaust ^>as by correlating them Yfith the fuel-air ratio • 



RESITT/rS A HI) D.rSCIJSSION 

Fifrorc^ 2 shows the relationship of CO2 to fuel-air ratio in dry 
oxidized exhaust gas for xhs five fuels ixsed. The relationship has 
been computed on a dry basis b^ocause the method used in gas analysis 
gives the comjjosi.tion on a dry b:isis. The wSymbols CO2 and N2 repre- 
sent the volume ])erct3ntar^e as ivell as the mole percentage of carbon 
dioxide and nitrogen, respectively, in the co.mpletely dried, ox:idized 
exhaust gas; f/A, the weight ratio of fuel ai.d air entering the engine 
cylinder; and h/g, the iveight ratio of hydrogen and carbon in the fuel. 
In the analysis from vThich figui^j 2 was prepared the v\reights of the 
various constituents involved in the formation of 1 mole of oxidized 
-xhaust gas are: 



but 



therefore 



and 



Weigh.t of carbon = 12 CO2 
Weight of hydroge-n = 12 CO2 (^) 
Y/eight of fuel = 12 C02(l + ^) 
'//eight of air = ij-j-^ ^^2 

= 100 - COo 



(1) 
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7/ith a p;ivpn CO2 content in th?. oxidized -exhaust gas, tho fuel- 
air ratio is not critically dependent upon Iho hydrogen-carbcn ratio 
of the fu.;l. fith a COo contynt of 17 perc.^nt in tnn oxidn z.id exhaust 
tias. whic-i is aoDroxiraat.ly that for maxini-ani povfsr. equation (1) shows 
that, in an extreme ca.o, a change from O.lBo to 0.11^ in the hydrogon- 
carbon ratio of th^ fuel reaulta in a changr? in tho fuel-air ratio 
from 0.030 to 0.07'>. 

Til- hydror-ui-carbon ratios of aviation gaaolinos available in this 
country and thoae of aviation petrols used in dr-jat Britain may be 
assumed, v^ith naRlir.iblo error in the fur^l-air ratio, to have a value 
of 0.138. 

Fipure 5 shoves the r.;lationsh.p oJ' the constitu.^nts in tho normal 
exhaust pas of an engine usinp fuel ^ to fuel-air ratio determined 
from the 002 in the oxidized exhaust fras and from figure 2. Tne quan- 
tity of unsaturated hydr-ocarbons is dfitermined by passing tne exhaust 
f^ases through furring sulphuric acid. Slov^-conbustion experiments 
indicate that these hydrocarbon molecoles have an average of tour car- 
bon atoms; the hydrocarbon was t.heref(-re assumea to oe butene (CUHB) . 

The exTjeriraental results of tho effect of fuel-air ratio on the 
CO? content in normal and in oxidized exhaust gas and on the O2 content 
in normal exhaust gas for fuels A, IJ, G, D, and E are shov'/n m fig- 
ures h, 6, 7, and 8, respectively. The solid line sho^^mg the 
r' latiouGhip of CO2 in the oxidized exhaust Kas to fuel-air ratio was 
calculated from equation (l) . The test points near the calculated 
curve show the relationship between the measured CO2 content of tne 
oxidized exhaust gas and the fuel-air ratio determined by the measured 
intake. No oxygen was detected in t}ie oxidized exhaust gas. The 
solid 1-! nes for CO2 and 0? in the norml exhaust gas were faired tVirough 
the exp-.rimental points. The peak of th:: ciu-ve of normal CO2 exhaust 
'A'as located at the theoretically corr-:ct mixture. 

It will be noted that, for all five fuels tested, the calculated 
r aationphir. of COo to fuel-air ratio is in excellent agreement with 
the exporimentally'measured intake values except for the slight scatter 
of a few test points, which is probably due to the difficulty m main- 
taining c.-.nstant en^vine conditions during the time requir'.vd to ma.-ce 
the observations. Considerably more experimental points are plotted 
for the CO2 in the oxidized exhaust gas than for the GO2 m the normal 
exhaust gas because the number of sair^^les of the normal exhaust was 
limited by tlie time required to completely analyse each sample. 

Th^' agreement between the fuel-air ratio determined from the 
volume percentage of COp in dried oxidized exliaust gas and_frora fig- 
ure 2 a>id the fuel-air ratio determuied from the measured intake is 
shown b-- figure 9 for tho five fuels tested and for tho two test 
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engines. The excellent agreement indicates that the simple method 
of m.easuring the G02 content of the oxidized exhaust gas and of using 
the relations shorn in figure 2 is satisfactory for indicating the 
fuel-air ratio. 

After tills agreement is noted, the question naturally arises; 
What happened to the lubricating oil consumed by the engine? If the 
lubricating oil burned, it would increase tlie CO2 content of the oxi- 
dized exliaust gas and thus give a richer mixture than shovm by the 
measured intake, vihich does not take into consideration that any lubri- 
cating oil was consumed. If the lubricating-oil consumx^tion is assumed 
to be 5> percent of the specific fuel consumption and this oil is con- 
sidered to be completely burned at an intake fuel-air ratio of O.O6O, 
then the fuel-air ratio determined from the COj in the oxidized exhaust 
gas and in figm^e 2 vv'-oijld be O.O63. Although figure 9 shows some 
scatter of the data, there is no evidence of such a displacement of the 
c^orve, indicating that the lubricating oil actually burned v/as small. 

Figure 10 sliovrs tiie correlation betv^een the possible CO2 that may 
be obtained stoichiometrically from the constituents in the normal 
exhaust gas and the actual COo in the oxidized exliaust gas for the 
five fuels tested. It will b^; S'.jen that tiie agreement between the 
two methods in the range of normal engine operation is excellent, where- 
as in the case of ultrarich mixtures the possible CO2 is insufficient. 
This condition is to be expected because, in the complete chemical 
analysis of thve products of combustion, the solid carbon does not enter 
into the analysis. 

Th--.^ r.-^sults obtained by various methods of determining the fuel- • ' 
air ratio are compared in figures 11 and 12. Figure 11 shows the agree- 
ment of the oxidized-exhaust-gas, the normal-exhaust-gas, and the 
chemical-analysis methods with the measured- intake method. The agree- 
ment of the laeasured-intake, the normal-exiiaust-gas , and the chemixal- 
analysis methods with the fuel-air ratio of the oxidized exhaust is 
presented in figure 12. It will be seen that any one of the four meth- 
ods is satisfactory for measuring the fuel-air ratio. The greater 
simplicity of determining the fuel-air ratio by measuring the CO2 content 
of the oxidized exhaust gas, hov;ever, and the fact that by this method 
the probability of error is reduced make it the preferred metho i and 
it is ther-efore recoTTimended for use on all carburetor engines. Valve 
overlap and r<'\s^.ilt i.ng discharge of unburned fuel or incomplete combus- 
tion due to slow-burning m.ixtures woitld '-lave no effect becuuse the 
method depends upon complete combustion in the oxidizer. The method 
may also be used in engines having direct cylinder injection with no 
scavenging air. In direct-injection engines that employ scavenging 
air, a timed samjoling val-re would be requir-'^d. 

Although the results were obtained at S'^a level, they are appli- 
cable to aircraft in flight because the analysis results do not depend 
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upon prosvsure as lom;^ as it remins cons-': ant. Variations in pi'sssure 
or c-ianges in altitudo of thc; airplane betY;-:,en tho beginning '^nd thu 
end of tho analysis vail cause considerable error in the results. 
Calculations show that, if the airplane is maintained vvithm t^O feet 
of the stii^ulated altitude during the t-est rmis, the error in the anal- 
yses v/ill b:) inappreciable, -O.J percent. 

The method has been applied to a large airplane operating at vari- 
ous altitudes from sea level to 1^,000 feet. The oxidizer was located 
in the collector ring and samples of the oxidized exhaust gas v/are 
satisfactorily obtained and analyzed. These tests covered a period 
of several kr. 

The method has also been used in the laboratory for obtaining the 
distribution of the mixture am.ong the cylinders of a two-rov/ radial 
engine equipped with short stacks. The saine technique for obtaining, 
oxidizing, and analyzing the sampl-^s as described in this ruport v\-''erc; 

on each cylinder. 

Tt is realized that taking gas samples in a pursuit airplane and 
analyzing them in flight is not practical. In large air\>lanes such 
as bombers or transports, the meth(^d mentionc:d is entir-jly feasible. 
The application of el^-ctrical means inst^^ad of absorption means for 
determining the carbon dioxide content, Jiop/ever, is possible for all 
class- is of airplanes. The electrical m-ans could consist of a thermal 
conductivity bridge wherein the thernal conductivity of the oxidized 
exhaust gas could be compared vrlth that of a standard gas and the unbal 
anc j of the bridge shov/n on a galvanometer calibrated in carbor dioxide 
or preff-rably in fuel-air ratio. 

The method should be of considerable help in the laboratory for 
c?iecking the accuracy of installed equipment uscid to measure fuel-air 
ratio and should b ; especially valuable in the field wher^j it would 
be impracticable to have the conventional measuring equipment. The 
cost of the nv.^c^jssary portable a;)paratus including a simple Orsat 
ax^paratus, a single-pass oxidiz.T, a.nd the necessary tubing and chem- 
icals would bL nominal. 



CONCLUSIONS 

T.iSts of two sinF^le-cylinder engines using five fuels with 
hydrogen-carbon ratios betwe m 0.11'< and 0.183 over a range of fuel- 
air ratio from O.Oli? to 0.12U resulted in th-. following conclusions: 

1. The proT^osed method of vdetermining the fu<:^l-air ratio of the 
mixturci supplied to internal-combustion .:;ngines by analysis of the 
oxivdiz:}d vjxhaust gas for its COp content and by use of the graphs 
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presented is simple and precise and may "be used in flighty in the 
field ^ and in laboratory tests. 

2. The proposed method may be used for an exact survey of the 
mixture distribution among the cylinders of a multicylinder carburetor 
engine in flighty in the field^ and in the laboratory. 

3. Sampling of the exhaust gas through a l/4-inch tube of stain- 
less steel located in the center of the exhaust stack and within 

Ig inches of the exhaust valve resulted in securing satisfactorily 
representative samples of the gas. 

4. The fuel-air ratio was not critically dependent upon the 
hydrogen- carbon ratio of the fuel; negligible error in the fuel-air 
ratio resulted when a hydrogen- carbon ratio of 0.188 was assumed for 
aviation gasoline. 

Aircraft Engine Research Laboratory^ 

National Advisory Committee for Aeronautics, 
Cleveland^ Ohio. 
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